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SILMMMI 

Velocity  measurements  in  the  plane  of  symmetry  of  a  turbulent  spot  are 
reported.  The  number  of  data  points  taken  at  various  streamwise  locations 
was  adequate  to  map  the  ensemble-averaged  flow  field  in  a  spot  at  a  given 
instance.  These  results  are  compared  to  velocity  taken  in  laboratory  coor¬ 
dinates  (i.e.,  at  a  given  station  with  variable  time),  whereupon  it  is 
shown  that  the  flow  field  in  the  spot  depends  either  on  its  distance  from 
its  origin  or  on  the  time  elapsed  from  its  initiation.  The  two  variables 
are  not  independent,  so  the  flow  may  be  transformed  into  a  time  (space)  in¬ 
dependent.  problem.  The  dependence  of  the  spot  on  the  Reynolds  number  and 
on  the  surrounding  laminar  boundary  layer  is  established.  The  effects  of 
these  parameters  on  the  shape  of  the  ensemble-averaged  spot,  its  size, 
characteristic  celerities,  and  relative  rate  of  entrainment,  are  discussed. 
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Transitional  spots  have  been  investigated  for  several  years  in  view  of 
their  role  in  the  generation  of  a  turbulent  boundary  layer.  Pictures  of 
spots,  using  various  techniques  of  flow  visualization,  reveal  that  the  spot 
contains  a  number  of  eddies,  and  thus  may  be  more  than  just  a  prototype  of 
a  single,  large  coherent  structure.  (Fig.  1).  Furthermore,  an  isolated 
spot  in  a  laminar  boundary  layer  grows  indefinitely  in  both  streamwise  and 
spar.wise  directions,  and  its  dimensions  are  incomparable  with  any  reason¬ 
able  boundary  layer  scales.  The  substructures  within  the  spot  cannot  occur 
entirely  at  random  in  view  of  the  universality  of  the  spot's  shape  and 
spreading  angle.  One  may  postulate  that  the  spot  consists  either  of  a 
large  single  horseshoe  vortex  spanning  the  entire  structure  on  which  small¬ 
er  scales  are  randomly  superimposed,  or  of  a  hierarchy  of  eddies  arranged 

in  a  particular  order,  giving  the  spot  it's  peculiar  "arrow-head"  shape. 

The  latter  assumption  is  more  probable  because  the  origin  of  the  turbulence 
in  the  spot  was  traced  to  a  breakdown  of  a  "Tollmien-  Schlichting"  wave 

packet  which  trails  the  spot  (Wygnanski,  Haritonidis  and  Kaplan,  1979). 

Additional  evidence  was  accumulated  by  Amini( 1978) ,  who  investigated  the 
initial  stages  of  the  breakdown  process  and  found  it  orderly  at  first,  with 
one  shaped  vortex  giving  rise  to  additional  A  shaped  vortices,  etc.  New 
A  shaped  vortices  are  perhaps  continuously  generated  at  the  wing  tips  of 
the  spot  as  long  as  it  is  embedded  in  a  laminar  boundary  layer.  This  gen¬ 
eration  must  oe  impeded  whenever  adjacent  spots  interact  to  form  a  turbu¬ 
lent  boundary  layer,  since  only  a  small  fraction  of  the  spot  survives  a 
prolonged  interaction  (Zilberman,  Wygnanski  and  Kaplan,  1977).  The  surviv- 
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ing  structure  may  in  fact  be  A  shaped  but  it  scales  with  the  turbulent 
boundary  layer  thickness.  The  structure  is  106  long  near  the  wall,  36  long 
at  the  outer  reaches  of  the  boundary  layer;  it  extends  less  than  46  in  the 
spanwise  direction.  This  structure  was  convected  downstream  at 
°-9Uoo  (wliere  is  the  free  stream  velocity),  thus  corresponding  to  the 
convection  velocity  of  the  tip  of  the  arrow  in  the  "arrowhead"  transitional 
structure.  The  leading  edge  of  the  transitional  spot  moves  progressively 
slower  with  increasing  spanwise  distance  from  the  plane  of  symmetry  of  the 
spot,  approaching  the  velocity  of  the  wave  packet  at  xt3  wing-tip.  It  is 
possible  that  a  vortex,  generated  by  the  breakdown  process,  accelerates  in 
the  streamwise  direction  until  it  attains  asymptotically  its  final  convec¬ 
tion  speed  of  0-90^. 

If  the  spot  is  a  prototype  of  the  large  coherent  eddy  in  a  turbulent 
boundary  layer,  its  aggregate  kinematics  and  dynamics  should  be  modeled  and 
made  amenable  to  analysis.  One  possible  parameter  associated  with  the  ki¬ 
nematics  of  the  spot  is  the  rate  at  which  the  spot  entrains  non  turbulent 
fluid.  The  spot,  being  regarded  as  time  dependent,  three  dimensional 
structure,  can  not  be  easily  described  mathematically  without  making  som^ 
simplifyng  assumptions.  One  very  powerful  and  successful  method  in  bounda¬ 
ry  layer  theory  is  the  assumption  of  similarity,  which  was  applied  exten¬ 
sively  to  the  spot  by  Cantwell,  Coles  and  Dimot.akis  (1978),  hereinafter  re¬ 
ferred  to  as  CCD.  By  looking  at  some  characteristic  features  of  the  ensem¬ 
ble  averaged  velocity  traces  in  and  around  a  turbulent  spot,  CCD  concluded 
that  the  spot  grows  conically.  The  assumption  of  conical  similarity  en¬ 
abled  CCD  to  collapse  some  characteristic  loci  in  the  velocity  traces, 
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measured  at  two  streamwise  locations,  onto  a  single  curve,  thus  confirming 
the  concept  and  defining  similarity  coordinates  and  (where  n  =  Y  /U  t; 
K-  X/UMt;  t  being  time;  X  and  Y  are  distances  in  directions  parallel  and 
normal  to  the  surface  respectively) .  All  quantities  are  measured  from  a 
virtual  origin  of  the  flow.  In  these  coordinates,  Galilean- invariant  par¬ 
ticle  paths  were  obtained  which  enabled  the  authors  to  calculate  the  local 
rate  of  entrainment  on  the  plane  of  symmetry  of  an  ensemble-averaged  spot. 
The  particle  trajectories  led  CCD  to  conclude  that  there  are  two  vortex 
structures  associated  with  an  ensembled  averaged  spot.  One  transverse  vor¬ 
tex  is  located  in  the  centre  of  the  spot,  while  the  other  is  located  near 
the  trailing  interface,  in  the  vicinity  of  the  solid  surface.  Both  vor¬ 
tices  serve  as  points  of  accumulation  of  the  fluid  entrained  by  the  spot. 

Wygnanski,  Sokolov  and  Friedman  (1976),  hereinafter  referred  to  as 
WSF ,  realized  that  the  shape  of  an  ensemble-averaged  spot  is  self-similar, 
provided  the  length  of  the  spot  at  the  wall  and  the  maximum  height  of  the 
spot  are  used  as  normalizing  length  scales.  They  proceeded  to  show  that 
the  length  of  the  spot  should  scale  linearly  with  the  distance  from  the 
measuring  station  to  the  location  of  the  disturbance  (spark)  generating  the 
spot.  They  also  observed  that  the  duration  of  the  spot  in  its  plane  of 
symmetry,  scales  linearly  with  the  distance  of  the  measuring  station  from 
the  spark.  This  scaling  provides  the  transformation  between  time  and  space 
and  enables  one  to  interpret  measurements  made  in  laboratory  coordinates  to 
space  coordinates  associated  with  the  spot.  Schubauer  and  Klebanoff  (1956) 
suggested  that  the  height  of  the  spot  scales  approximately  as  the  height  of 


the  hypothetical  turbulent  boundary  layer  originating  at  the  spark  with  an 
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initial  thickness  equal  to  the  thickness  of  the  laminar  boundary  layer  at 
that  location.  The  data  of  WSF  agrees  with  the  suggestion  made  by  Schu- 
bauer  and  Klebanoff  implying  that  the  laminar  boundary  layer  plays  ^  role 
in  determining  the  initial  shape  of  the  spot  and,  to  some  extent,  its  final 
height.  In  fact,  it  is  inconceivable  that  a  transition  spot  will  be  total¬ 
ly  independent  of  the  laminar  boundary  layer  in  which  it  is  embedded  and  on 
whose  vorticity  it  must  feed. 

A  detailed  comparison  between  the  conical  similarity  approach  of  CCD 
and  the  experimental  investigation  of  WSF  reveals  a  number  of  basic  differ¬ 
ences  which  should  be  reconciled  if  the  spot  or  some  part  of  it  is  to  serve 
as  a  prototype  large  eddy  in  turbulent  boundary  layer  calculations. 

Some  of  the  major  differences  are  : 

(1)  According  to  CCD,  the  spot  grows  linearly  in  every  direction.  WSF 
suggest  that  the  streamwise  variation  of  the  height  of  the  spot  is 
similar  to  that  of  a  turbulent  boundary  layer. 

(2)  The  conical  similarity  neglects  entirely  the  effect  of  the  back¬ 
ground  laminar  boundary  layer.  WSF,  as  well  as  Schubauer  and  Kleba¬ 
noff  (1956),  suggest  some  relationship  between  the  shape  of  the  spot 
and  the  laminar  boundary  layer.  To  date,  the  importance  of  these 
effects  appeared  to  be  secondary,  because  neither  CCD  nor  WSF  consi¬ 
dered  the  consequence  of  changing  the  Reynolds  number  on  the  growth 
of  the  spot. 

(3)  The  conical  similarity  approach  inherently  assumes  that  every  point 
on  the  interface  of  the  spot  moves  with  its  own  characteristic  cel¬ 
erity.  According  to  WSF,  the  celerities  of  the  leading  and  trailing 
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interfaces  on  the  plane  of  symmetry  of  the  spot  are  constant.  Thus, 
the  flow  near  the  interfaces,  relative  to  an  observer  moving  with 
them,  is  steady  and  representative  of  the  physical  structure. 

The  purpose  of  this  investigation  was  to  recheck  the  hypothesis  of 
conical  similarity,  of  the  transitional  spot,  and  to  resolve  the  discrepan¬ 
cies  between  the  interpretation  of  the  measurements  reported  by  CCD  and 
WSF,  in  particular  with  regard  to  the  relationship  between  temporal  and 
spatial  rates  of  growth  of  the  spot.  Furthermore,  the  dependence  of  some 
of  the  characteristic  features  of  the  transitional  spot  on  Reynolds  number 
has  to  be  investigated. 


MSilLIS  MU  aiSCUSSIPH 

The  apparatus  used  in  this  experiment,  the  measuring  equipment  and  the 
methods  of  data  acquisition  and  reduction  are  described  in  an  earlier  paper 
(Wygnanski,  Haritonidis  and  Kaplan,  1979)  and  will  not  be  repeated  here. 

1 •  J2n  the  Spreading  Property  of  the  Spot 

Figure  (2)  shows  a  typical  record  of  velocity  perturbation  measured  at 

a  station  X  -X  =  1100mm  downstream  of  the  spark  and  1400mm  downstream  of 
ms 

the  leading  edge  of  the  plate,  (the  distance  from  the  hypothetical  origin 

of  the  flow  i3  X  -X  =  1030mm).  The  free  stream  velocity  U  was  10m/ sec. 
m  o  co 

The  abscissa  in  this  figure  is  time,  starting  70msec  after  the  occurrence 
of  the  spark  and  ending  204.8msec  later.  Each  trace  in  the  figure  repre- 
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sents  velocity  measured  at  a  different  elevation  above  the  plate  from  1mm 
above  the  surface  to  25.4mm  from  the  wail.  The  velocity  history  across  the 
entire  cross  section  of  the  spot  is  thus  recorded  for  every  realization. 
The  local  velocity  prevailing  in  the  laminar  flow  is  subtracted  from  each 
record  in  order  to  facilitate  the  pesentation.  When  200  events  are  ensem¬ 
ble-  averaged,  the  turbulent  (high  frequency)  fluctuations  occurring  at 
random  during  each  realization  disappear,  leaving  a  fairly  smooth  record  of 
average  perturbation  velocity  during  a  passage  of  a  spot  (Fig.  3). 

Records  similar  to  Figure  3  were  presented  by  WSF  and  CCD.  The  ensem¬ 
ble-averaged  velocity  record  marking  the  spot  can  be  characterized  by  a  de¬ 
fect  in  velocity  at  the  outer  edge  of  the  boundary  layer  and  an  excess  of 
velocity  near  the  surface.  The  boundary  of  the  spot  may  be  represented 
over  most  of  its  length  by  a  perturbation  contour  of  +2%  with  the  excep¬ 
tion  of  a  small  region  near  the  surface  at  the  rear-end  of  the  spot.  In 
this  region,  the  spot  boundary  crosses  the  maximum  positive  velocity  per¬ 
turbation.  CCD  suggested  that  each  record  was  well  represented  by  several 
straight-line  segments  intersecting  at  points  labelled  A  through  G  (see 
Fig.  12  in  CCD).  Although  it  is  not  felt  that  this  representation  is  jus¬ 
tified,  nor  is  it  important  for  the  discussion  that  follows,  some  of  the 
corresponding  points  are  marked  in  Figure  3  for  the  purpose  of  orientation. 
From  the  record  shown,  one  may  choose  four  characteristic  features  on  the 
boundary  of  the  spot  and  determine  the  time  of  their  occurrence.  These  po¬ 
ints  mark  the  following  locations: 

1.  The  leading  edge  of  the  spot  at  the  surface. 

2.  The  most  forward-reaching  position  of  the  leading  interface  (the  over- 
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hang) . 

3.  The  location  of  the  maximum  height  of  the  spot. 

4.  The  trailing  edge  of  the  spot  at  the  surface. 

By  repeating  the  measurement  at  numerous  streamwise  locations  on  the 
plane  of  symmetry  of  the  spot,  the  points  labelled  J.  through  3  occur  at 
different  times  which  are  determined  by  the  location  of  the  probe.  These 
loci  are  plotted  in  X,  t  coordinates,  (Fig.  4),  in  a  manner  suggested  by 
CCD.  Data  from  9  measuring  stations  is  shown  in  Figure  4  for  streamwise 
locations  varying  from  800  to  '1500mm  downstream  of  the  spark.  The  loci 
marked  may  be  connected  by  straight  lines,  whose  slopes  represent  the  cel¬ 
erity  of  the  particular  features  chosen.  The  celerity  of  loci  3  and  Z  is 
0.89(1^  and  of  locus  3  is  not  appreciably  different.  The  celerity  of  locus 

ii  is  0.570^  .  Loci  J_,  z  and  3  are  situated  on  the  leading  interface  of  the 

spot.  Thus,  the  equality  of  their  celerity  implies  that  the  entire  leading 
interface  moves  downstream  with  a  constant  velocity  independent  of  Y  (Y 
being  the  distance  from  the  surface).  Furthermore,  the  inclination  and 
shape  of  the  leading  interface  does  not  vary  with  increasing  distance  from 
the  spark.  The  contours  U-U,  .U/U  =-0.02  which  represent  the  interface  of 
the  spot  outside  the  laminar  boundary  layer  are  shown  in  Fig.  4b.  This 

determination  of  the  spot's  boundary  was  first  used  by  Coles  and  Barker 
(1975)  and  is  repeated  here  for  the  sake  convenience;  a  detailed  compari¬ 
son  between  this  criterion  and  the  actual  determination  of  the 

turbulent-non- turbulent  interface  is  discussed  by  WSF.  On  may  deduce  from 
Fig.  4b  that  the  boundaries  of  adjacent  spots  measured  10  cm  apart  are 
parallel  reinforcing  the  notion  that  the  celerity  of  the  trailing  inter- 
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faces  in  the  X  direction  is  locally  independent  of  Y.  In  order  to  compare 
the  celerity  of  the  trailing  interface  over  a  long  downstream  distance,  one 
has  to  account  for  the  growth  of  the  spot  in  the  Y  direction  as  well.  It 
should  be  remembered,  however,  that  the  coordinates  used  in  Fig.  4b  accen¬ 
tuate  the  height  of  the  spot  which  is  physically  a  very  flat  structure. 

The  present  results  are  in  agreement  with  the  findings  of  WSF,  who 
measured  the  convection  velocity  of  the  leading  interface  locally  but  do 
not  agree  with  the  conical  similarity  assumption  proposed  by  CCD.  If  the 
conical  similarity  in  the  form  suggested  by  CCD  were  to  prevail,  the  lines 
passing  through  loci  1,  2,  3  and  4.  would  converge  to  a  common  origin; 
t.hus,  the  celerity  of  2  should  have  been  larger  than  1  and  the  latter’s 
larger  than  3..  Only  the  celerity  of  A  is  significantly  different  from  the 
celerities  of  other  three  loci.  The  difference  beween  the  celerities  of 
the  leading  and  trailing  interface  is  associated  with  the  spatial  growth  of 
the  spot.  In  fact,  the  length  of  the  spot  almost  doubles  between  = 
600mm  and  X  =  150Cmm  corresponding  the  two  extreme  locations  shown  in  Fig- 
ure  4.  The  lines  connecting  loci  J.  and  A  intersect  at  tQ  =  12msec  and 
X  -X  =  70mm  which  may  represent  the  virtual  origin  at  the  wall.  However, 
since  loci  2  and  2.  do  not  Intersect  1  at  the  same  point  as  1,  there  is  no 
uniquely  defined  virtual  origin  for  the  spot.  One  may  chose  the  intersec¬ 
tion  of  2  and  A  for  the  virtual  origin  because  these  loci  represent  the  ex¬ 
treme  streamwise  extent  of  the  spot,  although  locus  2  is  at  the  edge  of  the 
laminar  boundary  layer.  It  is  known  (Kovasznay,  et  al  1962)  that  the 
breakdown  to  turbulence  originates  at  the  outer  part  of  the  laminar  bounda¬ 
ry  layer,  favouring  perhaps  the  choice  of  2-  One  may  also  chose  the  origin 
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of  the  spot  at  the  intersection  of  locus  3  with  either  one  of  the  principal 
axes  (t  or  X).  Locus  3,  if  it  were  to  exist  in  a  single  event,  would  re¬ 
present  a  singular  point  at  the  intersection  of  the  leading  and  trailing 
interfaces  which  are  moving  downstream  at  different  velocities.  Since 
locus  3  has  a  celerity  of  the  leading  interface  it  has  also  to  move  out¬ 
wards  in  order  that  the  angle  between  the  trailing  interface  and  the  sur¬ 
face  be  preserved.  One  may  use  the  location  of  the  spark  as  the  origin  of 
the  flow  or  the  intersection  of  any  locus  on  the  interface  of  the  spot  with 
one  of  the  principal  axes.  In  the  following  discussion,  XQ  and  t  was  cho¬ 
sen  using  the  intersection  of  3  and  3  but  this  choice  is  arbitrary  and  has 
no  appreciable  influence  on  the  resuLts. 

In  the  absence  of  the  conical  property,  the  similarity  coordinates 
r=  X/LLt  and  n  =  Y/lbt  (where  X,  Y  and  t  are  independent  variables)  suggest¬ 
ed  by  CCD  are  not  appropriate,  implying  that  the  spot  cannot  be  scaled  by  a 
single  length  scale  (U^t).  Nevertheless,  it  is  3till  possible  that  every 
characteristic  feature  of  the  spot  (locus  3)  is  convected  downstream  with  a 

constant  celerity  so  that  the  ratio  (X  -X_)/U„.(t  -t,,),  representing  this 

mu  id  u 

feature  and  its  own  virtual  origin  be  always  constant.  This  could  imply 
that  there  is  only  one  scaling  factor  relating  measurements  made  in  labora¬ 
tory  coordinates  (i.e.  at  fixed  X  but  varying  time)  to  spatial  measure¬ 
ments  made  at  a  given  time.  The  latter  would  be  an  equivalent  of  a  photo¬ 
graphic  record  showing  the  instantaneous  flow  in  and  around  the  spot. 
Having  measured  the  ensemble  averaged  velocity  distribution  at  9  streamwise 
locations,  one  can  compare  the  temporal  velocity  record  taken  at  any  loca¬ 
tion  in  the  flow  during  the  passage  of  the  spot,  with  the  velocity  measured 


PAGE  12 


at  a  given  time  at  all  9  locations.  The  "X"  symbols  shown  in  Figure  5  re¬ 
present  velocity  perturbations  observed  172msec  after  the  initiation  of  the 
spot.  The  first  "X"  symbol  on  the  left  side  of  Figure  5a  represents  the 
velocity  at  the  furthest  streamwise  location  (i.e.  X-XQ  =  1430mm)  at  the 
particular  time  chosen;  at  that  time  the  spot  was  about  to  arrive  at  this 
location.  The  trailing  edge  of  the  spot  near-  the  surface,  at  that  point  in 
time,  occurs  roughly  at  X  -  XQ  =  880nm  downstream  of  the  hypothetical  ori¬ 
gin.  The  solid  lines  shown  in  Figures  5a-c  represent  the  temporal  record 
of  ensemble  averaged-perturbation  velocity  at  three  streamwise  positions 
ranging  from  830mm  to  1430mm  downstream  of  the  origin.  The  comparison  was 

made  after  the  temporal  record  was  multiplied  by  1.1  U  /(X  -X  )  where 

00  m  o 

U  and  (X-X  )  respectively,  are  the  velocity  of  the  free  stream  (in  this 

co  O 

case  =10  m/sec)  and  the  distance  of  the  measuring  station  from  the  ori¬ 
gin.  The  agreement  between  the  two  types  of  measurement  is  good  ahead  of 
the  spot  (i.e.,  before  the  leading  interface)  and  inside  the  turbulent 
spot.  Only  behind  the  spot,  (i.e.,  after  the  trailing  interface)  and  in¬ 
side  the  laminar  boundary  layer,  the  temporal  record  of  velocity  adjusts 
somewhat  slower  to  its  unperturbed  conditions  than  the  spatial  velocity 
distribution.  It  implies  that,  in  this  region,  the  flow  is  sensitive  to 
the  characteristics  of  the  laminar  boundary  layer  surrounding  the  spot. 
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It  is  important  to  note  from  Figure  5  that  the  dimensionless  length  of 
the  spot  at  a  given  time  is  proportional  to  the  dimensionless  duration  of 
the  spot  at  a  given  measuring  station,  i.e. 


At  U 


U(t  -t  ) 
00  m  o 


(X  "X  ) 
m  o 


where 

t-  is  the  length  of  the  spot 

At  is  the  duration  of  the  spot 

t  is  the  time  of  measurement 
m 

X  is  the  location  of  measurement 
m 

Consequently,  i  and  jt  are  not  independent  variables  in  this  flow.  Since  it 
is  more  convenient  to  use  laboratory  coordinates  at  which  X  is  fixed,  the 
similarity  time  scale  of  the  problem  becomes  (X  -X  J/U,,,  by  which  temporal 
velocity  records  obtained  at  any  measuring  station  should  be  scaled.  This 
scale  applies  to  every  measuring  station  as  long  as  the  Reynolds  number  at 
the  location  of  the  spark  is  fixed . 

The  spot  also  grows  in  the  direction  perpendicular  to  the  wall,  as  may 

be  seen  from  the  three  temporal  records  shown  in  Figure  5.  At  X  -X  =1 4 30mm 

mo 

the  spot  extends  beyond  Y  =  25.4mm  while  at  Xm-Xo  =  830mm  it's  tip,  as  it 
may  be  detected  from  the  perturbation  in  velocity,  does  not  extend  much 
beyond  19mm,  resulting  in  some  discrepancy  between  the  spatial  and  temporal 
velocity  distributions  at  large  values  of  Y.  Schubauer  and  Klebanoff 
(1956)  suggested  that  the  rate  of  growth  of  the  spot  in  the  Y  direction  is 
proportional  to  the  growth  rate  of  a  turbulent  boundary  layer  developing 
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downstream  of  the  spark,  with  an  initial  thickness  equal  to  the  thickness 
of  the  laminar  boundary  laye-  a  the  location  of  the  spark.  This  suggestion 
agreed  with  the  results  of  WSF  and  hence  was  tried  in  the  present  context. 

It  seems  reasonable  to  assume  for  this  purpose  that  the  turbulent  boundary 

V 

layer- thickness  may  be  represented  by  a  power-law,  thus  6^  =  0.37 
4/5,  1/5 

(X  -X.)  (v/U  )  where  6-  is  the  thickness  of  a  turbulent  boundary 

m  1  oo  X 

1/2  1/2 

layer  and  X1  is  determined  by  equating  6^,  =  SLS  =  5X^  (v/U^)  where  X^ 

is  the  location  of  the  spark  from  the  leading  edge  of  the  plate  and  <5  re- 

presents  the  laminar  boundary  layer  thickness  at  the  spark.  For 

= 10m/ sec  and  Xg  =  300mm  from  the  leading  edge  X1  is  80mm  upstream  of  the 
spark. 

Scaling  the  distances  measured  from  the  wall  by  6^  and  the  time  by 

the  characteristic  time  scale  (X  -X  )/U  at  the  measuring  station  of  the 

m  o  00 

perturbation  contour  U-U^^/U^  =  +  0.02  is  plotted  in  Figure  6.  The  vari¬ 
ous  symbols  shown  in  the  figure  represent  different  measuring  stations 
starting  800mm  downstream  of  the  spark  and  ending  700mm  further  downstream. 
The  collapse  onto  a  single  curve  is  fairly  good,  indicating  that  the  vari¬ 
ables  chosen  to  scale  the  spot  are  reasonable.  Since  both  positive  and  ne¬ 
gative  perturbation  contours  are  shown,  the  concentration  of  symbols  near 
the  surface  is  due  to  the  fact  that  between  2-4mm  from  the  plate,  the  en¬ 
semble  averaged  velocity  perturbation  becomes  first  positive  then  negative 
and  then  positive  again.  The  positive  perturbation  contours  are  marked  by 
open  symbols  while  the  negative  ones  are  marked  by  full  ones;  the  former 
are  hardly  distinguishable  in  view  of  the  large  number  of  symbols  piling 
one  on  top  of  the  other.  Assuming  that  the  origin  of  the  spot  coincides 
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with  the  location  of  the  spark  and  neglecting  the  thickness  of  the  laminar 
boundary  layer  at  this  location,  (i.e.,  letting  X  =t  =  <5  =0)  does  not  have 

a  large  adverse  effect  on  the  similarity  considerations  (Fig.  6b).  By 
chosing  the  intersection  of  locus  2l  (Fig.  4)  with  the  time  axis  (to=12; 
XQ=0)  as  the  origin  of  the  spot,  the  similarity  of  the  data  is  improved 
near  the  outer  tip  of  the  spot  but  is  somewhat  degraded  near  locus  £,  (Fig. 
6c).  The  differences  are  not  sufficiently  significant  to  warrant  a  prefer¬ 
ence  of  one  choice  of  virtual  origin  upon  another.  The  perturbations 
U-M  /[)„  =  +  0.1  are  plotted  in  Figure  7  to  underline  the  fact  that  the 
entire  velocity  perturbation  field  inside  the  spot  scales  correctly  with 
the  chosen  parameters  and  not  just  the  spot  boundaries.  The  separation 
distance  between  the  positive  and  negative  perturbations  is  now  larger  so 
that  each  contour  can  be  clearly  visible.  If  there  is  any  significant  de¬ 
viation  from  similarity,  it  occurs  at  the  first  two  stations  where  the  spot 
may  not  have  yet  attained  its  final  shape.  WSF  also  observed  that  the  spot 
attains  a  characteristic  terminal  shape  approximately  700mm  downstream  of 
the  disturbance  for  similar  experimental  conditions  (i.e.,  =  lOm/sec 

Xs  =  30  era  from  leading  edge) . 

The  same  data,  when  plotted  in  the  coordinates  of  CCD 

[i.e.,  Fz  (X  -X  )/(t-t  )U  :  r)=  y/(t-t  )UJ  does  not  collapse  as  well  onto  a 

single  curve  (Fig.  5).  This  is  particularly  true  at  the  outer  part  of  the 

laminar  boundary  layer,  where  an  increase  in  downstream  distance  causes  an 

apparent  shrinkage  of  the  spot.  Figure  8  shows  that  the  height  of  the  "o- 

verhang"  (i.e.,  the  most  forward  portion  of  the  leading  interface)  varies 

by  50J  when  one  compares  data  taken  at  X  -X  =  830mm  with  data  taken  at 

mo 
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xm-  X'o  =  1430mm.  As  discussed  subsequently,  this  could  lead  to  erroneous 
interpretation  of  the  rate  of  entrainment  at  the  outer  part  of  the  leading 
interface  (segment  £  to  3  in  Figure  4).  Since  time  is  not  an  independent 
variable  in  this  problem,  one  may  express  the  boundary  layer  thickness  used 
for  scaling  Y  in  terras  of  (^(t-t  )  and  obtain  as  good  a  collapse  of  the 
data  as  in  Figure  6.  This  result  reaffirms  the  fact  that  the  problem  is 
independent  of  either  time  and  space  and  is  not  invariant  under  a  Galilean 
transformation . 

We  may  now  examine  the  flow  at  a  particular  station  by  plotting  the 
data  in  a  coordinate  system: 

X  =  Mt  -t  )/(X  -X  );  Y  =  Y/6  where  (6  =  <5(X  -X  )) 
m  o  m  o  mo 

knowing  that  this  representation  is  valid  for  the  entire  flow  field  at  any 
given  time.  Contours  of  constant  velocity  perturbation  (U-Ulamj/Uot  =  C 
imply  that  the  spot  is  represented  by  a  family  of  closed  loops  of  velocity 
defect  riding  above  contours  representing  an  excess  of  velocity,  (Fig.  9). 
The  velocity  defect  region  coincides  with  the  turbulent  region  in  the  spot, 
while  the  excess  region  has  its  maximum  near  the  rear  of  the  spot  and  is 
trailing  behind  it.  The  maximum  perturbation  velocity  associated  with  the 
spot  is  approximately  -*-30 . 

Assuming  that  the  ensemble-averaged  flow  in  the  plane  of  symmetry  of 
the  spot  is  two  dimensional  (see  WSF) ,  a  stream  function  may  be  defined  as: 

^/Uro6  *  g(?,X) 

where  6  is  a  function  of  X. 


This  function  depends  on  the  speed  of  a  uniformly  moving  observer  be¬ 
cause  the  proportionality  constant  relating  time  to  length  depends  on  the 
reference  velocity  chosen.  It  was  deduced  from  Figure  5  that 


U  (t  -t  )/(X  -X  )  =  0.9,  but  (U  -U  )(t  -t  )/(X  -X  )  is  also  a  constant 
“mo  mo  °°  c  m  o  mo 

which  can  be  used  for  transforming  length  scale  to  time  scale.  Thus,  the 
streamline  pattern  in  a  frame  of  reference  moving  with  UQ  = 
0.891^  represents  the  flow  relative  to  the  leading  interface  and  the  pat¬ 
tern  moving  at  Uq  =  0.57 represents  the  flow  relative  to  the  trailing  in¬ 
terface.  The  perturbation  velocity  contour  of  + 2 %  showing  the  borders  of 


the  spot  is  also  sketched,  (Fig 

10a, b),  to 

indicate  the 

amount  of  fluid 

entrained  by  the  spot. 

The  total 

entrainment 

can  be  divided 

as  shown  in 

Table  I. 

Segment 

Tabic  I 

Present 

WSF 

Present 

Leading  interface 

1-2 

16% 

10% 

13% 

Leading  interface 

2-3 

16% 

13% 

13% 

Trailing  interface 

1  -  A 

68% 

77% 

74% 

UTE/U» 

- 

.67 

.5 

.5 

The  amount  of  fluid  entrained  by  the  trailing  interface  appears  to  be  lower 
than  estimated  from  previous  measurements  (WSF).  Most  of  the  difference 
results  from  an  increase  in  the  celerity  of  this  interface  relative  to  the 
celerity  measured  by  WSF  rather  than  from  differences  in  the  shape  of  the 
spot  or  the  flow  field  surrounding  it.  When  the  present  streamline  pattern 
was  recomputed  for  U„„/U  =  0.5,  the  agreement  with  previous  results  was 
better.  CCD  claim  that  the  outer  part  of  the  forward  interface  is  entirely 
passive.  According  to  the  present  observations,  this  region  entrains  as 
much  fluid  as  segment  J.-2  near  the  wall.  However,  segment  Z-l  is  approxi- 


mately  three  times  longer  than  segment  and  thus  the  rate  of  entrainment 
per  unit  length  of  an  average  leading  interface  is  stronger  near  the  wall. 
The  apparent  inactivity  of  the  outer  part  of  the  forward  interface  observed 
by  CCD  may  be  attributed  in  part  to  the  assumption  that  <5  u  t  which  has 
been  shown  to  be  inaccurate  (Fig.  8).  The  other  possible  reason  for  the 
discrepancy  may  stem  from  the  fact  that  CCD  considered  the  problem  to  be 
dependent  on  both  X  and  t,  while  actually  it  depends  on  one  of  these  vari¬ 
ables  only. 

2 .  The  effect  of  Reynolds  number 

The  laminar  boundary  layer  which  provides  the  medium  for  the  genera¬ 
tion  of  the  spot  was  not  considered  in  the  previous  discussion.  The  thick¬ 
ness  of  this  layer  introduces  another  length  scale,  the  effect  of  which  was 
never  carefully  investigated  because  most  of  the  detailed  experiments  were 
carried  out  at  one  free  stream  velocity  and  because  the  perturbation  gener¬ 
ating  the  spot  was  fixed  in  space. 

When  the  experiments  discussed  in  the  previous  section  were  repeated 
at  a  free  stream  velocity  of  19  m/sec,  some  differences  were  noticed.  By 
plotting  the  same  features,  as  in  Figure  k ,  it  appears  that: 

(i)  the  relative  celerity  of  the  leading  interface  remained  unchanged, 
(i.e.,  ULE  =  0.89UJ. 

(ii)  The  trailing  interface  slowed  down  to  U_„  =  0.515U 

lb  oo 

(iii)  The  various  virtual  origin  of  the  flow  moved  upstream,  (Fig.  11). 
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The  reduction  in  the  celerity  of  the  trailing  interface  was  signifi¬ 
cant  and  could  not  be  attributed  to  experimental  error.  The  same  trend  was 
observed  in  the  transitional  pipe  flow,  whereupon  the  velocity  of  the  tra¬ 
iling  edge  of  the  slug  decreased  monotonically  with  increasing  Re  (Wygnan- 
ski  and  Champagne,  1973).  Since  the  difference  in  the  celerity  of  the 
leading  and  trailing  interfaces  is  associated  with  the  rate  of  growth  of 
the  spot,  the  latter  was  investigated  in  detail  near  the  surface  of  the 
plate.  The  actual  length  of  the  spot  near  the  solid  surface  can  be  deter¬ 
mined  by  having  two  hot-wire  probes  separated  by  a  distance  corresponding 
to  the  spot  length.  Whenever  the  separation  distance  is  correct,  the  tra¬ 
iling  interface  as  seen  by  the  first  probe  occurs  simultaneously  with  the 
leading  interface  seen  by  the  second  probe.  Beause  this  determination  is 
possible  in  a  statistical  sense  only,  one  may  determine  the  probe  separa¬ 
tion  from  ensemble-averaged  data  of  a  single  wire  and  thus  avoid  undesir¬ 
able  effects  of  probe  interference.  Repeating  the  same  measurement  at  num¬ 
erous  distances  downstream  of  the  spark,  it  appears  that  the  spots  grow  li¬ 
nearly  with  X  (X  being  the  distance  between  the  leading  edge  of  the  spots 
and  their  virtual  origin  on  the  surface)  and  their  rate  of  growth  dL/dX  can 
oe  plotted  for  various  Reynolds  numbers  based  on  the  conditions  at  the 
spark  (Fig.  12).  Two  spark  positions  were  considered;  one  at  Xg  =  300mm 
and  the  other  at  X.  =  600mm  from  the  leading  edge  while  the  velocities 
ranged  from  5  to  19m/ sec.  The  rate  of  growth  of  the  spot  depends  on  Re  and 

it  doubles  S3  Reg*  at  the  spark  location  is  increased  from  500  to  1500. 
s 

The  celerity  of  the  trailing  interface  is  also  plotted  in  Figure  12,  indi¬ 
cating  a  continuous  reduction  of  with  increasing  Reg*  .  In  the  range 
of  Re  considered,  the  celerity  of  the  trailing  interface  varies  from 
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0.6211^  to  0.5Um  .  The  celerity  of  the  leading  interface  is  independent  of 

Re^*  at  the  spark.  Two  data  points  taken  from  other  experiments  are  shown 
s 

in  Figure  12  for  comparison.  One  was  taken  from  CCD,  who  had  a  slight 
pressure  gradient  on  their  plate;  the  other  was  measured  by  Zilberman, 
(private  communication),  in  the  wind  tunnel  facility  at  Tel-Aviv  Universi¬ 
ty. 

The  spanwise  rate  of  growth  of  the  spot  is  hardly  dependent  on  Re  at 
the  spark,  as  may  be  observed  from  the  slope  of  the  lines  drawn  in  Figure 
13.  The  maximum  spanwise  rate  of  spread  corresponds  to  an  angle  of  10° 
while  the  minimum  to  9.3°.  The  location  of  the  hypothetical  origin  of  the 
flow  in  the  X-Z  plane  depends  on  the  free  stream  velocity  more  than  it  does 

2 a  t Via  location  of  the  spark  and  does  not  simply  scale  with  Re^*  .  For  all 

s 

cases  considered,  Re,*  >  450  which  is  regarded  as  the  critical  Reynolds 

o 

s 

number  below  which  all  small  disturbances  should  decay.  The  initial  later¬ 
al  growth  of  the  spot  is  slow  at  low  values  of  Re^*  ,  but  the  asymptotic 

s 

state  appears  to  be  independent  of  Reynolds  number. 

In  attempting  to  scale  the  spot  geometry,  one  has  to  consider  three 
apparent  origins  of  the  flow: 

(1)  relating  time  to  streamwise  distance. 

(2)  relating  the  local  boundary  layer  thickness  to  the  initial  thickness  at 
the  spark. 

(3)  relating  the  rate  of  growth  in  the  spanwise  direction  to  the  velocity 
and  Reynolds  number  of  the  flow. 
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The  rate  of  growth  of  the  spot  in  all  three  directions  is  also  differ¬ 
ent  : 

(1)  The  length  of  the  spot  (in  the  X  direction)  increases  linearly  with 

downstream  distance  and  it's  rate  of  growth  (dL/dx)  increases  almost 

linearly  with  Re^*  . 

s 

(2)  The  height  of  the  spot  (in  the  Y  direction)  increases  with  X  at  a  rate 

similar  to  the  growth  of  the  turbulent  boundary  layer  thickness.  Assuming 

a  power  law  relationship,  it  implies  that  for  a  given  free  stream  velocity, 

0  8 

the  height  of  the  spot  increases  proportionally  to  Xu'  .  This  rate  of 
growth  is  weakly  dependent  on  Re 

(3)  The  width  of  the  spot  (in  the  Z  direction)  increases  linearly  with  X; 
irrespective  of  Re.  provided  the  latter  is  large  enough. 

Thus,  the  spot  cannot  be  described  as  a  universally  self  similar 
structure  growing  conically  from  a  single  origin. 

The  constancy  of  the  relationship  between  temporal  and  spatial  veloci¬ 
ty  records  applies  equally  well  to  different  Reynolds  numbers  as  it  did  to 
the  data  3hown  in  Figure  5.  The  proportionality  constant,  however,  depends 
on  Re  because  the  streamwise  rate  of  growth  of  the  spot  is  dependent  on 

Re^*  and  the  difference  between  the  celerity  of  the  leading  and  trailing 
s 

interface  also  depends  on  Re. 

The  borders  of  ensemble-averaged  spots,  are  plotted  in  Figure  I4a,b 

using  the  similarity  variables  suggested  previously  for  Uro  =6m/sec  and  Uot  = 

19m/ sec.  The  shapes  of  the  spots  are  self  similar  for  each  Re^*  ,  proving 

s 
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the  proper  choice  of  the  scaling  parameters.  In  Figure  14b  the  perturba¬ 
tion  contours  (U-U.  ,U)/U  =  -2$:  -10?:  -20?  are  plotted  in  order  to  show 

again  that  the  entire  perturbation  flow  field  associated  with  the  passage 
of  the  spot  scales  correctly  with  the  chosen  variables.  There  are, 
however,  some  obvious  Reynolds  number  effects: 

(i)  The  maximum  height  of  the  spot  (point  B)  in  Figure  14a  is  approximately 

0.75(5  while  in  Figure  14b  it  is  0.95  .  For  Re.*  =  1500,  the  maximum  he- 

T  T  5 

s 

ight  of  the  spot  is  0.95 5^.  The  temporal  (or  spatial)  position  at  which 
the  spot  attains  its  maximum  height  is  given  by:  ^(t-t^/fX  -XQ)  ~  1 .22 
for  all  Re  considered. 

(ii)  The  height  of  the  "overhang"  (i.e.,  the  most  forward  location  on  the 

spot  boundary)  does  not  depend  on  Re  and  is  found  at  Y/5t0.26,  but  its 
streamwlse  location  depends  weakly  on  Re  and  occurs  1  _>  U00(  t-to)/(Xffl-Xo) 
0.94  in  the  range  of  Re  considered. 

(iii)  The  most  rearward  -2%  velocity  perturbation  (point  "C"  in  Figure  14a) 

moves  closer  to  the  surface  with  increasing  Re^*  (from  Y/6  =  0.2  in  Figure 

s 

14a  to  Y/5  =  0.15  in  Figure  14b),  while  at  the  same  time  occurring  at 

larger  values  of  U  (t-t  )/(X  -X  ). 

00  o  in  o 

The  effect  of  Re^*  on  the  flow  field  in  the  spot  is  clearly  visible  in 
s 

Figure  15a, b  where  contours  of  velocity  perturbation  are  plotted  for 

X  -X„  *  1000mm.  The  Reynolds  numbers  considered  are  identical  to  the  ones 
mo 

shown  in  Figure  14.  The  region  of  strongest  defect  of  velocity  occurs  in 
Figure  15a  at  an  elevation  corresponding  to  1/3  of  the  total  height  of  the 
spot  and  1/2  of  its  length.  The  corresponding  location  in  Figure  15b  oc¬ 
curs  at  an  elevation  of  22?  of  the  height  of  the  spot  and  30$  of  its  length 
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(i.e.,  closer  to  the  leading  interface  of  the  spot).  The  relative  height 
of  the  ''calmed"  region  behind  the  spot  extends  30{  of  the  spot  height  in 
Figure  15a  and  only  20%  of  the  height  in  Figure  15b.  The  streamwise  dis¬ 
tance  between  the  highest  velocity  defect  region  and  maximum  velocity  ex¬ 
cess  region  is  also  increased  wi' h  increasing  Re^*  . 

s 

The  effect  of  Reynolds  number  on  the  streamline  pattern  is  less  pro¬ 
nounced  than  on  the  velocity  perturbation  contours  because  the  latter  re¬ 
presents  an  integral  effect.  One  may  estimate,  however,  the  effect  of  Re 
on  the  relative  amounts  of  the  fluid  entrained  by  the  different  regions  of 
the  spot .  The  dependence  of  entrainment  on  Re  is  shown  in  Table  II . 


Table  II 

Re6* 

U 

oo 

6 

s 

Segment  1_  -  2. 

Segment  2_  -  _3 

Segment  3-4^ 

s 

m/sec 

mm 

Leading 

interface 

Trailing  interfa 

600 

6 

4.33 

26% 

9% 

65% 

780 

10 

3.35 

16% 

16% 

68% 

1060 

19 

2.44 

10% 

15% 

75% 

1520 

19 

3.45 

8% 

15% 

77% 

The  relative  rate  of  entrainment  of  the  trailing  interface  increases 

with  Re,*  .  The  effect  is  attributed  in  part  to  the  reduction  in  the  cel- 
o 

s 

erity  of  the  trailing  interface  and  in  part  to  an  increase  in  relative 
length  to  this  interface.  The  two  effects,  however,  may  not  be  indepen¬ 


dent  . 
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The  amount  of  fluid  entrained  near  the  wall  at  the  leading  interface 

(segment  _l-2)  is  reduced  by  increasing  Re  *  ,  in  spite  of  the  fact  that  ne- 

o 

s 

ither  the  contact  area  nor  the  celerity  of  this  segment  is  affected  signi¬ 
ficantly  by  Re.  The  primary  reason  for  the  reduction  in  the  rate  of  entra¬ 
inment  is  the  change  in  the  thickness  of  the  laminar  boundary  layer  sur¬ 
rounding  the  spot.  Since  the  leading  interface  is  convected  at  a  constant 

Up,  fluid  is  entrained  by  segment  .1-2  as  long  as  the  local  velocity  U<U 

y  L»r. 

and  the  value  of  |  (U-U  ) dy (  increases  by  increasing  the  thickness  of  the 
o 

laminar  boundary  layer. 

The  relative  amount  of  entrainment  by  segment  £-3.  appears  to  be  con¬ 
stant  for  Re.*  >800,  but  it  is  quite  a  lot  less  for  Re.*  =  600.  The  Re  at 
o  0 

s  s 

the  location  of  the  perturbation  in  the  experiment  of  CCD  was  estimated  to 

be  equal  to  Re.*  r  H30,  (in  part  due  to  the  slightly  favourable  pressure 
o 

s 

gradient  on  the  surface).  This  Re,  being  lower  than  any  considered  in  the 
present  experiment,  may  be  responsible  in  part  for  the  conclusion  of  CCD 
that  segment  2-3  does  not  entrain  any  fluid  at  all.  In  spite  of  the  fact 
that  the  entrainment  into  an  ensemble-averaged  spot  is  discussed  in  terras 
of  Re,  the  latter  may  not  necessarily  be  the  only  parameter  governing  the 
distribution  entrainment  around  the  spot.  In  fact,  the  ratio  between  the 
height  of  the  spot  and  the  thickness  of  the  laminar  boundary  layer  can  be 
considered  as  an  independent  parameter  of  the  flow.  This  ratio  was  consi¬ 
dered  implicitly  in  scaling  the  boundaries  of  the  spot  by  assuming  the  ini¬ 
tial  thickness  of  the  latter  (at  the  location  of  the  spark)  to  be  equal  to 
the  thickness  of  the  laminar  boundary  layer. 
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3 .  The  structure  of  the  spot 

Thus  far ,  the  entire  discussion  of  the  shape  of  the  spot  and  the  rate 
at  which  it  entrains  non  turbulent  fluid  was  based  on  ensemble-averagec 
data.  The  averaging  ^  'ess  eliminates  all  fluctuations  which  occur  ran¬ 
domly  within  the  spot  and  gives  the  impression  that  its  boundaries  are  smo¬ 
oth.  The  picture  of  a  "tagged"  spot  (Fig.  1)  indicates  clearly  that  the 
free  interface  between  the  turbulent  and  non  turbulent  fluid  is  deeply  cor¬ 
rugated,  implying  that  the  spot  contains  a  finite  number  of  large  coherent 
structures.  A  record  of  the  streamwise  component  of  the  velocity  perturba¬ 
tion  taken  at  13^=  6m/ sec  and  Xm-XQ  =  g^Omm  is  shown  in  Figure  16.  Each 
velocity  record  was  low-pass  filtered  digitally  and  replotted  on  the  3ame 
figure  for  comparison,  after  being  slightly  displaced  in  the  vertical  di¬ 
rection.  The  filtering  operation  did  not  remove  the  low  frequency  oscilla¬ 
tions  which  are  coherent  across  the  entire  spot  and  can  be  followed  from 
the  solid  surface  to  the  outer  interface.  Contours  of  constant  velocity 
perturbation  were  replotted  from  the  records  shown  in  Figure  16  using  the 
same  techiques  as  for  the  ensemble-averaged  data,  (Fig.  9).  The  velocity 
perturbation  contours  indicate  that  the  flow  for  the  individual  realization 
can  still  be  described  by  a  region  of  excess  velocity  near  the  surface  and 
a  region  of  velocity  defect  further  away.  The  largest  perturbation  of  vel¬ 
ocity  is  u“ulaM/U<=°  =  +  rePre3entl-nS  an  increase  of  30?  over  the  ensem¬ 

ble-  averaged  data. 

The  boundaries  of  the  spot  are  deeply  corrugated  and  resemble  the  pic¬ 
ture  shown  in  Figure  1 .  One  may  distinguish  roughly  5  cellular  eddy  struc- 
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tures  in  the  spot  which  are  coherent  across  its  entire  height.  These  ed¬ 
dies  are  separated  by  deep  crevassies  in  which  non  turbulent  fluid  can  be 
trapped.  Wygnanski,  Haritondis  and  Kaplan  (1979)  suggested  that  oscilla¬ 
tions  in  the  "Tollmein-Schlichting"  fn  quencies  persist  inside  the  spot 
even  or.  its  plane  of  symmetry.  Thus,  if  the  spot  could  be  regarded  as  a 
packet  of  breaking  waves,  it  would  have  been  natural  for  it  to  contain  a 
finite  number  of  large  coherent  structures  rather  than  a  single  spanwise 
vortex.  The  hierarchy  of  breakdown  may  be  inferred  from  Figure  16 ,  whereu¬ 
pon  the  first  wave  to  break  is  the  wave  forming  the  leading  interface  of 
the  spot  and  the  last  wave  forms  a  part  of  its  trailing  interface.  This 
outlook  could  also  explain  the  reason  for  the  linear  rate  of  growth  of  the 
spot  and  its  dependence  on  Re.  Since  the  relationship  between  the  wave 
packet  which  follows  the  spot  and  the  sub-structure  inside  the  spot  was  not 
yet  positively  identified,  the  above  mentioned  explanation  should  be  re¬ 
garded  as  highly  tentative  for  the  time  being. 

CCD  suggested  that  the  spot  entrains  non  turbulent  fluid  by  a  process 
they  called  "nibbling"  namely  the  propagation  of  a  thin  interface  into  the 
non  turbulent  fluid  by  viscous  diffusion  of  vorticity.  The  "nibbling"  pro¬ 
cess  is  dominant  whenever  the  interface  is  fairly  smooth.  In  the  case  of 
the  individual  spot,  the  non  turbulent  fluid  may  be  engulfed  between  adja¬ 
cent  crests  of  the  breaking  waves,  allowing  the  relatively  slow  process  of 
diffusion  by  smaller  scales  to  act  within  the  folds  of  the  large  eddies. 
The  actively  entraining  surface  area  is  greatly  increased  by  the  engulfment 
process,  enabling  the  spot  to  grow  rapidly  with  downstream  distance.  The 
"nibbling"  process  suggested  by  CCD,  on  the  basis  of  ensemble-averaged 


data,  would  require  unrealistically  large  diffusion  rates  to  explain  the 
rapid  rate  of  growth  of  the  spot  with  time  or  distance  from  its  origin. 

CONCLUSIONS 

It  is  established  that  the  size  of  the  transitional  spot  in  a  Blasius 
boundary  layer  depends  either  on  its  distance  from  the  source  or  on  the 
time  elapsed  from  its  initiation.  The  two  variables,  however,  are  not  in¬ 
dependent  as  long  as  the  free  stream  velocity  and  the  location  of  the  per¬ 
turbing  source  are  held  constant.  Relative  to  an  observer  moving  with 
speed  of  an  interface  of  an  ensemble-averaged  spot,  the  flow  field  in  his 
immediate  vicinity,  is  steady  causing  the  streamlines  to  coincide  with  par¬ 
ticle  trajectories.  The  rate  of  growth  of  the  spot  and  the  location  of  it3 
apparent  origin,  differs  for  each  of  the  three  principle  directions.  The 
dependence  of  the  size  and  shape  of  the  spot  on  the  Reynolds  number  and  on 
the  thickness  of  the  surrounding  laminar  boundary  layer,  limits  the  useful¬ 
ness  of  a  single,  similarity  transformation. 

Finally,  the  physical  process  of  entrainment  can  not  be  satisfactorily 
explained  from  an  ensemble-averaged  picture  of  the  spot. 
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Fig.  9  Details  of  velocity  perturbation  contours  measured  at  X  -X  - 

m  o 

930mm  U,,.  =  10m/ sec  . 

Fig.  10  (a)  The  streamlines  relative  to  an  observer  moving  with  the  lead¬ 

ing  interface  X  -X  =  930mm  U  °10m/3ee. 
in  o  °° 

(b)  The  streamlines  relative  to  an  observer  moving  with  the  trail¬ 
ing  interface  X  -X  =  930mm  U  =  10m/ sec. 
m  o  w 

Fig.  11  The  celerity  of  some  distinguished  features  of  the  spot  meas¬ 

ured  at  (j^  =19m/sec  =  3 00mm. 

Fig.  12  The  longitudinal  rate  of  growth  of  the  spot  and  the  dependence 


Fig.  13 


of  UTE  on  Reg*  . 

s 

The  spanwise  growth  of  the  spot  for  various  Re 


s 

Fig.  19  (a)  The  border  of  an  ensemble-averaged  spot  at  U  =  6m/sec  Xr? 


300mm . 


(b)  Perturbation  contours  of  —2 % ;  -10?;  -20?  of  an 

ensemble-averaged  spot  plotted  in  similarity  coordinates 
(U  =  19m/ sec  X  =  300mm). 

ou  S 

Fig.  15  (a)  Velocity  perturbation  at  U  =  6m/sec  X  -X  1000mm. 

<x>  ra  o 

(b)  Velocity  perturbatoion  at  U  =19m/tsc  X  -X  1000mm. 

co  mo 

Fig.  16  A  single  record  of  velocity  perturbation  measured  at 


U  =6m/ sec  X  -X„  =  940mm. 
oo  m  o 


Fig.  17 


Velocity  perturbation  contours  corresponding  to  the  record 
3hown  in  Figure  16. 
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